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Abstract The interband transition rate and surface recombination rate of carriers in quantum dots, as two
effective parameters to optimize the photocurrent and effciency of the intermediated band solar cells,
have been classically studied. Formulation of these rates shows that they depend on the recombination
lifetime of the carriers. This dependency may play the role of recombination or generation centers to the
quantum dots. We have calculated these rates for two different values of recombination lifetimes. We
have concluded that for a longer lifetime, quantum dots act as carrier generation centers and enhance the
photocurrent and efficiency of the solar cell. It is also shown that there is an optimal number of stacked
QD layers to be incorporated in the i-region in order to produce the maximum photocurrent.
© 2012 Sharif University of Technology. Production and hosting by Elsevier B.V.
Open access under CC BY-NC-ND license.1. Introduction
Theoretical calculations under ideal circumstances have
shown that Quantum Dot-Intermediate Band Solar Cells (QD-
IBSC) can achieve 63.2% energy conversion efficiency [1]. Multi-
stacked QD arrays in the intrinsic region (i-region) of a typical
p-i-n solar cell creating IB, have been shown schematically in
Figure 1. A QD SC has two important elements for investigation;
first, the materials used in their structures, as a QD or barrier,
and second, the direct effects of parameter optimization on the
photocurrent and efficiency of the cell. By forming the array
of dots, the photo-absorption spectra are extended towards
a wavelength longer than the barrier band gap, and the
quantum efficiency increases as the number of stacking layers
increases [2,3]. In QDSCs, the lower energy photons, with lower
energy than bandgap of the semiconductor, can be absorbed
by the IB, which is located at the middle of the bandgap.
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doi:10.1016/j.scient.2012.02.005Unfortunately, the experimental values of efficiency in these
kinds of structure are largely lower than those anticipated
theoretically [4,5]. This reduction in efficiency originates from
a reduction in the open-circuit voltage, which is related to a
reduction in the diode turn-on voltage under dark conditions
or the lower recombination rate of carriers in the material. This
reduction can also be due to inability of creating an localized
IB in the bandgap with and it’s separation from the conduction
band. The lengthening of the exciton lifetime originates from
physical reasons, i.e. the spatial elongation of the wavefunction
due to the coupling effect. In this way, the increase in QD
layers makes many nonradiative centers, which originate from
a shortening of the lifetime, and which finally lead to a lower
recombination rate [6,7]. Enlarging the number of layers can
produce a strain in the cell that affects the size and shape of the
QDs, and the carrier’s recombination lifetime [8]. This strain can
also decrease the strain-induced dislocations that propagate
towards the p-emitter from the QD region, and reduce the
efficiency of the cell. Strain-compensated structures have been
proposed and considered to prevent these problems [9–11].
In this paper, we have extended the theoretical model
introduced by Aroutiounian et al. [12]. In Figure 1, the InGaAs/
GaAs QD array structure with 20 layers in the active region
of the SC’s structure is shown. InGaAs/GaAs, as a reference
material, have a long carrier coherence time, which is due
to discrete energy levels and the small lattice mismatch with
evier B.V. Open access under CC BY-NC-ND license.
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GaAs [6]. This lattice mismatch, between the substrate and
the epitaxial layer, triggers a QD formation above critical
thickness [13,14]. We classically modeled the effect of the
carrier’s recombination lifetime and the number of QD layers
in an IBSC in which the IB arises from the formation of mini-
bands in the middle of the bandgap due to the overlapping
of QD wave functions. The mini band width depends on the
distance between the QD layers along the growth direction.
The intermediate band is formed by these mini bands. For
example, in super lattices, the formation of the mini band
structure decreases in the exciton binding energy, due to three
dimensional freedom reducing the confinement effect, which
reduces photon absorption [15].
For different values of recombination lifetimes, the recom-
bination rate has been varied and the number of QD layers
optimized. We have studied the dependency of the surface re-
combination rate, interband transition rate, total recombina-
tion rate and photocurrent density on the recombination rate
of the carriers in the QDs and optimized their values for a long
enough lifetime to attain a higher energy conversion efficiency.
Thiswork shows that in an appropriate condition, the interband
transitions and surface recombination in the QDs can give the
role of carrier generators to the QDs and so enhance the effi-
ciency of the cell. The result of experimental works on QD SCs
have stabilized that the crystal quality of QDs, such as size and
shape of the dots, degrades as the number of QDs layers in-
creases due to the internal strain and dislocations that imposes
from the extra QDs layers toward the surface [2,7]. Therefore,
we have optimized the all parameters versus the number of the
QDs layers.
2. Theory
In this work, we have extended our previous study on
effective parameters on the efficiency of intermediate band
solar cells [16]. The average surface density of QDs is
assumed to be Ns. In such systems, the following processes of
photon absorption, carrier relaxation and recombination can be
distinguished by the Shockley–Hall–Read model. The following
rates of theMth layer are presented in Figure 2 as:
(I) Capture of electrons by QDs:
Cm = αcn(z,m) N s(1− f mn ). (1)
(II) Escape of electrons from QDs:
Em = βNsf mn . (2)Figure 2: Capture, escape, recombination and generation processes inQDs [16].
(III) Recombination in QDs:
Rm = γNs(f mn − fn0). (3)
(IV) Optical generation in QDs:
Gm = κNs(1− f mn ). (4)
The rates of the mentioned processes (per unit area and per
unit time) depend on QD density and the QD layer position
within the i-region. αc, β, γ and κ are the capture, escape,
recombination and generation coefficients, respectively.
αc = 1NDτc
β = n1αc
γ = 1
τr
κ = 1
τg
.
(5)
Here, ND and n1 are the volume concentration of QDs and the
density of free electrons. The capture rate can also be described
by αc = σv. Here, σ is the electron capture cross-section of the
QD, and v is the average thermal velocity of electrons at room
temperature, which is about 107 cm/s [12].
fn0 is the equilibrium Fermi–Dirac occupation probability, f mn
is the average non-equilibrium population of QDs in the Mth
layer, n (z,m) is the density of free electrons at the frontal
surface of the Mth layer, with position zm = (m − 1)d [16].
In the steady state operation, the following condition should be
applied:
(Cm − Em)+ (Gm − Rm) = 0. (6)
The equilibrium density of electrons, the population proba-
bility of QDs and the free density of electrons can be defined by
the following equations:
n0 = Nc exp

Ef − Ec
KT

,
fn0 =

1+ exp

En − Ef
KT
−1
, (7)
n1 = Nc exp

−Ec − En
KT

,
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energy, thermal energy and confinement energy in QDs,
respectively. The effective surface recombination rate in the
plane of the Mth QD layer is defined by Ums = Cm − Em, and
it is equal to [16]:
Ums = Nsα
×

n(z,m)− (n(z,m)+ n1)(αn(z,m)+ γ fn0 + κ)
α(n(z,m)+ n1)+ γ + κ

. (8)
Here, we introduced a new concept that is effective in
the operation of QDs as recombination or generation centers.
Interband transition is the key to the operation of a QD-IBSC.
This parameter can be a criterion to evaluate the ability of
carrier generation or recombination of QDs in this type of solar
cell. We should notice that the carrier dynamics of QDs are
quite different from those of trap states. The effective interband
recombination rate of the Mth QDs’ layer is defined by Umit =
Rm − Gm, and is equal to [16]:
Umit = Ns

(αcn(z,m)+ γ fn0 + κ)(γ + κ)
αcn(z,m)+ β + γ + κ − κ − γ fn0

. (9)
So, the total recombination rate, which shows the total possible
recombination paths of the cell in a non-equilibrium state
operation, is given by:
Utotm = Ums + Umit . (10)
This parameter can calculate the non-radiative and radiative
recombination rates that are possible in the QD SCs. In non-
equilibrium, this parameter is a criterion for its components
and can show which recombination rate is over in the same
conditions. The total effective recombination rate from these
expressionsmay either have a positive or negative value. For the
positive values of Umtot, QDs behave as recombination centers,
while, for negative values, they play the role of generation
centers. Such behavior strongly depends on the free electrons
concentration, near the given layer. In a steady state, transition
rates Uit and Us must be balanced, however, we consider their
role in the photocurrent of the cell in each layer. The total
generated photocurrent in the i-region, by taking into account
the existence of QDs through the total effective recombination
rates (Umtot), can be calculated by self-consistently solving the
current continuity equation for inter-layer regions. Assuming
the drift component of the current as the main part, and
neglecting the recombination in the inter-layer regions, for free
electron density n(z,m) in the inter-layer region, we get:
− µnE dn(z,m)dz = F0 · α(λ) exp[−α(λ)z]. (11)
In continue, the related parameters of InGaAs/GaAs QD-IBSCs
are given in [15,16], where µn, E, n(z,m), α(λ) and F0 are
the electron mobility of the barrier region, the electric field,
the density of free electrons in the inter-dot region, the light
absorption coefficient with wavelength dependency and flux
of incident light, respectively [17,18]. For our calculations, we
use the model of a solar spectrum described by a black body
curve, corresponding to a temperature of 5760 K and the
spectral distribution of the solar flux under the condition 1
Sun, 1.5 AM [19]. Consequently, for the remained layers, by
employing boundary condition at the edge of the active region,
we obtain:
qµnEn(z = 0, 1) = jm−1n − qUmtot. (12)The total collected photocurrent density at the end of the
Mth layer (as the last layer) includes the photocurrent density
generated in both inter-dot regions and QD layers, which is
formulated by:
jmn = jmnQD + qF0(1− exp(−α(λ) · d)), (13)
where the first term is generated fromQD layers and the second
term is created by inter-dot regions. To obtain the efficiency
of our structure, by taking into account the effects of the two
kinds of mentioned recombination, we employ the standard
superposition model of solar cells [15],
η = VmJm
P0
(14)
where P0 = 116 mW/cm2. j0 and jsc are the reverse saturation
current and the short circuit photocurrent, respectively. For
the active region of a p-i-n structure, this parameter can be
equal to the total collected photocurrent density, if we assume
that the mean probability of an electron crossing the i-region,
without capturing and recombination, is unity. Furthermore,
we assumed that the effective diffusion-drift length of the
carriers is larger than the width of the i-region [16].
3. Results and discussion
By employing given ranges of σ and nD, capture time has
been obtained in the range of τc ∼ 50–330 ps. The absorption
coefficient of the QD and barrier, α(λ), is assumed to be same
and in the range of the GaAs absorption coefficient at its band
gap edge [7,17]. Also, a typical recombination rate can be
estimated in the range of τr ∼ 1–150 ps. The recombination
rate depends on the electrical field amplitude, E, in the i-region
(E ∼ 0.05–0.2 MV/cm) [20]. For the optical generation rate,
we have chosen κ = 800–1750 s−1. In the simulation, we
assumed that the optical generation rate corresponds to few
millisecond generation, due to the size of the QDs and the
electric field effects. It also can be due to the generation via
indirect processes. The effective densities of state in the i-region
of GaAs, have been taken to be NC = 2 × 1017 cm−3 and
NV = 1 × 1017 cm−3, where for the donor and acceptor
concentrations in the n and p-regions, we have chosen ND =
5 × 1017 cm−3 and NA = 1.4 × 1018 cm−3. It must be
noticed that the quasi-Fermi levels for each carrier are not
related to recombination rates via intermediate states, and we
assumed that these values are constant through the i-region.
The results of the photocurrent density and recombination rate,
as a function of the number of QD layers in the i-region (M),
and for two different lifetimes, have been shown in Figures 3
and 4. Figure 3 shows the effective surface recombination
rate (Us), effective interband recombination rate (Uit), total
recombination rate (Utot) of QDs and the total photocurrent
density (J) for τr = 100 ps. The role of generation centers
of QDs, the recombination rate from 1 to 8 layers, gets a
negative value, and, so the slope of the current density becomes
intensive. Increasing the number of layers from 8 to 20 causes
the slope of the current density to be slow, and owing to carrier
concentration increase in these layers, QDs cannot play the role
of generation centers.
Therefore, 8 layers of QDs are the optimum number in this
case. We get jsc = 42.46 mA/cm2, Voc = 0.751 V and
η = 28.3% with 8 inserted QDs, while, without QDs, we obtain
jsc = 32.05 mA/cm2, Voc = 0.637 V and η = 16.1%. In
fact, by inserting the QDs in an active layer of the structure,
N. Eshaghi Gorji et al. / Scientia Iranica, Transactions D: Computer Science & Engineering and Electrical Engineering 19 (2012) 806–811 809Figure 3: (a) Effective surface recombination rate; (b) effective interband recombination rate; (c) total effective recombination rate; and (d) photocurrent density
versus (M), when τr = 100 ps.we can enhance the short-circuit current (jsc), which results in
significantly enhanced conversion efficiency.
Figure 4 illustrates the effective surface recombination rate
(Us), effective interband recombination rate (Uit), and total
recombination rate (Utot) of QDs, and the photocurrent density
(J) for τr = 1 ps. It is clear that for a lower value of
recombination time, the effective surface recombination rate
of QDs decreases and few captured or generated carriers
can escape from the QDs. Consequently, the slope of the
photocurrent density for layers 1–8 becomes slower than the
case for τr = 100 ps. Due to a more local value of carrier
concentration, the QD layers of 8–20 behave as recombination
centers. In this case, we get jsc = 25.80mA/cm2, Voc = 0.719 V
and η = 13.7% for the QD-IBSC, while, without QDs, we obtain
jsc = 32.05 mA/cm2, Voc = 0.637 V and η = 16.1%. As
more QD layers are added in the intrinsic region, it becomes
thicker, and, so, the chances of carriers recombining in this
region increase. Hence, the net generation of carriers decreases.
For a lower number of layers, the presence of the QDs means
greater generation, and leads to greater efficiency. Quantum
dot solar cells (and quantum well solar cells) can, in fact, have
a very good short-circuit current density with, essentially, no
recombination of photocurrent. The reduction in efficiency for
good devices is due to the reduction in the open circuit voltage,
which is related to a reduction in the diode turn-on voltage
under dark conditions. This effect occurs in devices with QDs of
the highest optical quality. To reduce the role of recombination
in the QD-IBSCs, we recently considered sunlight concentration
effects on the efficiency of the cell [21].4. Conclusion
In summary, as a detailed investigation of some effective
parameters in our last work, we, first, formulated the interband
transition rate which occurs in QDs. We found that this
parameter, as well as the surface recombination rate and
photocurrent density, has a dependency on the recombination
rate, and also on the number of QD layers in the active
region of the cell. We optimized all above mentioned rates
versus the number of layers for two different values of
recombination rate. The recombination rate has been varied,
and the optimum number of QD layers determined for each
lifetime. We compared the values of interband transition and
surface recombination rates for two different recombination
lifetimes, and understood that for a long enough value of
recombination lifetime (100 ps), these rates are in agreement
with the role of generation centers of the QDs and an
enhancement in the photocurrent and efficiency of the cell.
This is due to the fact that for a longer lifetime, the electric
field has the chance to extract generated carriers from the
QD and promote the photocurrent. It is also clear from the
figures that 8 layers are optimum for QDs to act as carrier
generator centers. For this state, the photocurrent density has
an ascendant increase throughout the cell, but with a keen
increase in this optimum number of layers. The results of
simulation indicate a rapid bending of curves around 6 layers.
This is due to size of the QDs and the related distance of the QD
layers. Furthermore, the thickness of the i-region is larger than
usual, because as shown in the paper, for the lower number of
810 N. Eshaghi Gorji et al. / Scientia Iranica, Transactions D: Computer Science & Engineering and Electrical Engineering 19 (2012) 806–811Figure 4: (a) Effective surface recombination rate; (b) effective interband recombination rate; (c) total effective recombination rate; and (d) photocurrent density
versus (M), when τr = 1 ps.layers, the effect of recombinations leads to band bending in the
band diagram of the IB cell.
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